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ABSTRACT 

Aims. We study an evolving bipolar active region that exhibits flux cancellation at the internal polarity inversion line, the formation 
of a soft X-ray sigmoid along the inversion line and a coronal mass ejection. The aim is to investigate the quantity of flux cancellation 
that is involved in flux rope formation in the time period leading up to the eruption. 

Methods. The active region is studied using its extreme ultraviolet and soft X-ray emissions as it evolves from a sheared arcade to flux 
rope configuration. The evolution of the photospheric magnetic field is described and used to estimate how much flux is reconnected 
into the flux rope. 

Results. About one third of the active region flux cancels at the internal polarity inversion line in the 2.5 days leading up to the 
eruption. In this period, the coronal structure evolves from a weakly to a highly sheared arcade and then to a sigmoid that crosses 
the inversion line in the inverse direction. These properties suggest that a flux rope has formed prior to the eruption. The amount 
of cancellation implies that up to 60% of the active region flux could be in the body of the flux rope. We point out that only part 
of the cancellation contributes to the flux in the rope if the arcade is only weakly sheared, as in the first part of the evolution. This 
reduces the estimated flux in the rope to ~ 30% or less of the active region flux. We suggest that the remaining discrepancy between 
our estimate and the limiting value of ~ 10% of the active region flux, obtained previously by the flux rope insertion method, results 
from the incomplete coherence of the flux rope, due to nonuniform cancellation along the polarity inversion line. A hot linear feature 
is observed in the active region which rises as part of the eruption and then likely traces out field lines close to the axis of the flux 
rope. The flux cancellation and changing magnetic connections at one end of this feature suggest that the flux rope reaches coherence 
by reconnection shortly before and early in the impulsive phase of the associated flare. The sigmoid is destroyed in the eruption but 
reforms quickly, with the amount of cancellation involved being much smaller than in the course of its original formation. 

Key words. Sun: photosphere - Sun: coronal mass ejections - Sun: magnetic fields 

1. Introduction lar interest as it is a mechanism by which helical field lines 

can be formed from a sheared arc ade, building up a flux rope 

Photospheric magnetic flux cancellation is observed as the (Ivan Ballegooijen & Martenslll989l) . 

collision and subsequent disappearance of small scale op- T h e study of magnetic flux ropes is relevant to many areas 
posite polarity ma gnetic fragments in magnetograph data f solar physics and since we are currently unable to directly ob- 
(|Martin et alj U985[). It is associated with the submergence serve the coronal magnetic field, other observational support for 
of small scale loops, which have a small radius of curva- the occurrence of flux ropes must be found. Such support is given 
ture and can be p ulled under the p hotosphere by the mag- if the horizontal component of vector magnetic field data is in- 
netic tension force (|Harvey et alj|l999|). These small loops are versely directed at a bald patch section of the PIL. The concave- 
likely to be the product of magnetic reconnecti on which sets up configurati on could be produced by field lines at the bottom 
b in as the opposite polarity fragments collide (|Zwaan| [1987|; f a flux rope (lAthav et al.ll 1 983l: lLitesll20Q5l: ICanou et all2009h . 
Ivan Ballegooijen & Martenj|1989|). Recent work has supported particularly if the region is bipolar, so that a double arcade can 
the location of the reconnection associated to flux cancel- be excluded. Support for a flux rope is also given if continuous S 
lation to be in the photo sphere (|Yurchyshyn & Wang| |2001j; s h ape d (sigmoidal) sources of X-ray and EUV emission, which 
iBellot Rubio & BecJd 1 12005|), but reconnectio n at higher levels f n ow t h e magnetic field lines, exhibit an inverse crossing of the 
may also be relevant (|Wang & Muglacn||2007|). Above the small, pil. This, however, is conclusive only if the sigmoid survives 
submerging loop, magnetic field with a concave-up shape is an eruption ( [Gibson & Fan 2006; Green & Kliem 200 91), sin ce S 
formed. Depending on the plasma beta in the locality and on shaped fie i d i ines in a sheared arcade (lAntiochos et al.ll 1991 can 
the strength of the overlying field, the concave -up field lines wil l on i v then be excluded. 

be line-tied and form a so-called bald patch d Titov et aU [1993|), Numerical simu i atio „ s of the bodily emergence of a flux 

or they can relax upward to form a coronal loop. rope indicate ±a{ ±c prQcess essentially stops as the magnetic 

Cancelling magnetic features are observed along photo- axis of the rope reac hes the p hotosphere, producing a sheared 

spheric polarity inversion lines (PIL) throughout the quiet sun, at arcade in the corona ( Fan 2001). In the situation where the flux 

the periphery of active regions and in active regions. Sustained rope axis is unable to cross the photosphere, flux cancellation 

reconnection and flux cancellation along PILs is of particu- may be an important mechanism by which a stable flux rope 
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can form in situ in the so lar atmosphere ( Ama ri et al 
120101; lAulanier et al.l l2010l) . Observations of flux cancellation 
can therefore allow the investigation of the location and timing 
of flux rope formation, and can help answer fundamental ques- 
tions related to the energy accumulation timescale and the flux 
content of the rope. These are important questions related to the 
general evolution of the sun's magnetic field and to the onset and 
driver of eruptive events. 

Sigmoidal regions are sites of flu x rope formation 
dGreen & Klieml 120091: iTripathi et al] |2009|) and have a high 
likelihood of producing an eruption (iCanfield et al.l lT999) and 
so observations of flux cancellation in these regions can be 
used to investigate both the flux rope formation and the evo- 
lution toward a loss of equilibrium resulting in a coronal mass 
ejection (CME). The loss of equilibrium can be described as 
an ide al MHD instability dHood & P riest 1981b iKliem & Torold 
120061) . as a catastrophe (For bes & Isenbergl 119911) . or as a 
force imbalance between flux rope and overlying arcade field 
(iMackay & van Ballegooijenll2006l) . The overlying arcade field 
provides a downward tension force, whilst the Lorentz force 
in the flux rope points upward. The arcade tension force re- 
duces, whilst the flux rope force grows as the sheared arcade 
field transforms into a flux rope. A force-free equilibrium of the 
flux rope/arcade configuration is therefore only possible up to 
a limiting value of the ratio between these fluxes. This value 
depends on the configuration of photospheric flux and coro- 
nal currents. For four decayed a ctive r e gions, one of w hich 
contains a sigmoid. iBobra et al] (120081) . ISu et al] (l2009h and 
ISavcheva & van B allegooijen ( 2009) found that the force bal- 
ance will be lost if the axial flux in the rope surpasses a threshold 
lying in the range « (10-14)% of the active region flux. Recent 
numerical simulations of eruptions driven by flux cancellation 
have obtained similarly small values for the fraction of can- 
celled flux at the onset of eruption, lyi ng in the range (6-10)% 
(lAulanier et al.ll2010tlAmari et al.ll2010l) . A related result is that, 
generally, a coronal flux rope is unstable if the overlying field 
falls off sufficiently rapidly with height (|van Tend & Kuperusl 
ll978UTorok & Klieml[2005l: iKliem & Torokll2006l) . 

Previously, dimming signatures of eruptions have been used 
to investigate the flux content of the erupting flux rope and 
mak e a link with in situ observations of flux ropes at 1AU 
re.g.lWebbetal.l l2000l: iMandrini et aTll2QQ5b lAttrill et al J 12005 
Jian et al . 2006). However, the erupting stucture is strongly mod- 
ified by magnetic reconnection that occurs in the current sheet 
under the ri sing flux rope a nd produces the post-eruption flare 
arcade (e.g., lOiu et al. 2007). We rather use flux cancellation in 
the active region to study the flux content of the structure before 
the eruption onset. 

In a small number of cases, the eruption from a sigmoidal 
active region has been observed as the rise of a faint, nearly 
linear feature in the soft X-ray emission , suggested to be 
formed near the magnetic ax is of a flux rope (Moore et al. 2001; 
Mc Kenzie & Canfield 2008). Alternatively, a recent simulation 
of an eruption from a sigmoidal active region suggests that this 
feature may be formed in the current la yer that develops in t he 
arcade field above an erupting flux rope (lAulanier et al.ll2010h . 

Here we present observations of a sigmoidal active region 
where the main phases of the evolution of the magnetic field are 
observed; from emergence to decay. We investigate the forma- 
tion of a flux rope via reconnection and cancellation along the 
internal PIL, and the point at which the overlying arcade field is 
unable to hold down the flux rope leading to a loss of equilib- 
rium and coronal mass ejection. The evolution of a linear feature 
observed before and during the eruption is also studied. 
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Fig. 1. Flux evolution in AR 10977 as determined by the 
SOHO/MDl data. The positive (negative) flux is shown by the 
continuous (dashed) line and the time of the eruption by the red 
dash-dot line. 



2. Photospheric field evolution 

SOHO/MDl measures the line of s ight magnetic field in the mid- 
photosphere dScherrer et al.| [T995) and shows that NOAA active 
region (AR) 10977 emerges in a quiet sun region which has a 
dominantly negative polarity. 

The evolution of the photospheric flux is monitored by fit- 
ting a separate contour around each polarity which is adjusted 
with time to account for the spatial evolution of the active re- 
gion. The contour is defined by eye and the data are displayed in 
such as way as to ensure weak flux fragments can be determined. 
The data are corrected for the area foreshortening that occurs 
away from central meridian and the radial field component is 
estimated using the IDL Solar Software routine zradialise. 
The latter part of the emergence phase is observed and lasts un- 
til around 4 December 06:00 UT. During this time the polarities 
are imbalanced with more positive than negative flux detected. 
This is due to a projection effect produced by the presence of 
a significant horizontal field component as the flux crosses the 
photosphere which in the eastern (western) hemisphere results 
in the following (lea ding) polarity of th e active region dominat- 
ing the flux budget dGreen et al .1120031) . During the subsequent 
decay phase the photospheric field evolution is dominated by 
fragmentation, motion due to supergranular flows and cancella- 
tion of flux where opposite polarity fragments collide. This flux 
cancellation involves field at the internal PIL of the bipolar re- 
gion as well as surrounding quiet sun field. The dominance of 
negative polarity in the surrounding field results in a stronger 
reduction of the region's positive flux than the negative as the 
cancellation proceeds. 

As the active region disperses the flux determined by using 
a contour increasingly includes a contribution from small-scale 
fields that presumably connect within the boundary defined for 
each polarity, rather than across the PIL. This small-scale flux 
is quantified by measuring the magntitude of positive (negative) 
flux within the negative (positive) polarity contour. Both polar- 
ities of the small-scale flux are then removed from the budget 
for each contour. The small-scale flux contributes at most 5% 
of the active region flux. Approximately 50% of the active re- 
gion flux cancels in the time period from the peak flux value on 
4 December to the time of the eruption on 7 December (Fig.[T]). 
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Fig. 2. Photospheric flux evolution in AR 10977 as determined 
with SOHO/MDl magnetograms. The data are displayed be- 
tween ±100 Gauss. The yellow contour shows the area within 
which the negative flux is measured during the main flux can- 
cellation episode. In a similar way, the total unsigned flux of the 
region is determined by fitting a countour around the whole ac- 
tive region. 

Table 1. Flux evolution within the negative fragment that under- 
goes cancellation at the active region's internal polarity inversion 
line. 



Date 


Flux (10 21 Mx) 


4 Dec. 19:12 UT 


-1.10 


5 Dec. 12:47 UT 


-0.82 


6 Dec. 06:24 UT 


-0.58 


7 Dec. 03:12 UT 


-0.39 



The dispersal of the region and cancellation of its flux continue 
through the subsequent days. 

In order to investigate how much flux is involved in the build- 
ing of the flux rope, we consider now only the flux cancellation 
at the internal PIL. The negative polarity is fragmented through- 
out the active region's lifetime; however, one main fragment is 
observed to be involved with ongoing cancellation at the internal 
PIL in the time leading up to the eruption on 7 December (a frag- 
ment to the south cancels thereafter). Figure[2l panels 2-5, shows 
this fragment within the yellow contour. The cancellation occ- 
curs predominantly at the PIL under the sigmoid centre and can 
be tracked reliably since the cancellation occurs with positive 
polarity fragments of the active region and not with the surround- 
ing, and dominantly negative, quiet sun field. The evolution of 
the active region's positive flux cannot be followed in this way 
as it is not possible to separate the cancellation with surrounding 
flux from that at the internal PIL. During the time period from 
4 December 19:12 to 7 December 03:12 UT, 0.71 x 10 21 Mx of 
flux is cancelled at the internal PIL (Table []]). This represents 
« 34% of the peak negative flux value of the active region. Since 
the cancellation is enabled by reconnection, with flux remaining 
in the active region (Sect. 0), an amount of flux equal to that 
cancelled is potentially available for transformation into the flux 
rope. 

At the time of the eruption, the unsigned average flux in the 
active region was 1.17 x 10 21 Mx (see Fig.Q]). This flux value 
includes that in the flux rope body, which intersects the photo- 
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Fig. 3. Hinode/XRT C Poly filter observations of AR 10977 
showing the formation of the sigmoid from an increasingly 
sheared arcade. 
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Fig. 4. SOHO/MDl (top row) and Hinode/XRT (bottom row) ob- 
servations of AR 10977 showing the inversing crossing of sig- 
moidal threads on 7 December at 01:39 and 03:29 UT. In the 
second panel the MDI data were taken at 7 December 03: 12 UT 
and rotated to the time of the XRT image at 03:29 UT. The MDI 
data are displayed between ±100 Gauss. The little bipole seen on 
7 December after 03 UT at (x, y) = (135,-130) and the corre- 
sponding set of compact X-ray loops (Figs. [2] and [3]) were used 
to coalign the images. An accuracy of approx. 1.5" is achieved 
by using this feature as well as other small scale features. 

sphere at the flux rope feet, as well as that of the overlying arcade 
field. 

3. Formation of sigmoid 

The evolution of the coronal magnetic field structure is stud- 
ied using data from the X-ray Telescope (XRT) onboard Hinode 
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Fig. 5. XRT and MDI 

overlay (bottom row) 
showing that part of the 
linear feature merges 
with the continuous 
S shaped sigmoid as 
a consequence of the 
westward motion and 
partial cancellation of the 
flux at its southern end 
(marked by arrows). The 
fourth panel shows the 
sigmoid shortly before 
the eruption. There is no 
corresponding MDI im- 
age available. The same 
MDI images, including 
the subsequent one, taken 
during the eruption, are 
displayed in the top row 
for clarity. 



dGolub et al.l l2007l) taken with the C Poly filter, which image 
plasma between 2 and 10 MK. The active region loops had an 
arcade structure during the emergence phase which became in- 
creasingly sheared as the region evolved. During the decay phase 
the soft X-ray loops became more aligned to the PIL in the 
northern section of the region, whilst more potential-like arcade 
field remained in the south (Fig. [3]). The major flux cancellation 
episode took place in the northern region where the shear was 
increasing. 

A diffuse, but already continuous, forward S sigmoid was 
observed by 6 December 2007 15:51 UT (Fig. H panel 4). 
The f oward S shape ind icates that the region had positive he- 
licity (iPevtsov et al .11 19971) . 50 minutes before the eruption, at 
03:29 UT on 7 December, the sigmoid extends further to the 
north and is more defined (Fig.O panel 6). Figure|4] shows that 
the central part of the sigmoid, while largely running along the 
PIL, crosses the PIL in the inverse direction at y « -75". At this 
location the PIL bulges out to the west from its overall diagonal 
orientation parallel to the middle section of the sigmoid. Much 
of the cancellation that leads to the formation of the sigmoid is 
occurring in this area. 

The inverse PIL crossing indicates that a flux rope has 
formed, but is not conclusive evidence, since S shaped field lines 
with an inverse PIL crossing in the middle can also form when 
an arcade is sheared ( Antiochos et HE994). However, since the 
sigmoid formed as a consequence of shearing and converging 
motions of similar strength, which led to strong flux cancel- 
lation, the formation of a flu x rope structure is highly likely 
( van Balle gooijen & Martens! 1989h . The configuration would be 
better described as a (tangled) arcade only in the case that all 
new, initially helical magnetic connections relax upwards into 
largely concave-down coronal loops. Since this is unlikely, due 
to the accu mulatio n of axial flux above the PIL by the cancel- 
lation (Sect. 16.2.11) , we will adopt the flux rope interpretation 
in the following. Further discussion of the flux rope's magnetic 
structure is given in Sects. l6.ll and l6.2.2l 

The sigmoidal region also has a linear bar-like feature 
aligned almost north-south and crossing the sigmoid centre and 
the PIL in the normal direction (panels 4 to 6 in Fig. [3]). The 
direction of crossing of the PIL indicates that the linear feature 
is highly sheared arcade-like field (i.e., not bald patch) passing 
over the forming flux rope in this phase of the evolution. 



In the time leading up to the eruption of the sigmoid, there 
is a westward motion of the southern end of the linear feature 
which is situated at a latitude of roughly -90" to -100" and is 
composed of several, only marginally resolved threads. Figure [5] 
shows that the footpoint motion is occuring during a phase of 
westward motion and at the beginning of the dispersal of a strong 
concentration of positive flux in which the field lines are appar- 
ently rooted. These motions appear to be driven by the devel- 
opment of a superganular cell (see also panels 4 to 6 in Fig. [2]). 
The positive flux collides with a small negative polarity frag- 
ment which cancels during the time period 7 December 00:00 to 
06:24 UT. At 7 December 01:39 UT a very small positive frag- 
ment has detached from the main concentration at -95" (marked 
by arrows in Fig. 0. It is cancelling with the negative polarity 
fragment and is largely gone by 04:48 UT. The southern end of 
a thread in the linear feature follows the path of this positive flux 
fragment; see the panels at 03:12 UT in Fig. at which time 
it has become the brightest thread in the feature. The cancella- 
tion of the photospheric flux at the southern end of this thread 
implies that the coronal flux in the thread must join the sigmoid 
(and then be rooted somewhere along the section of the sigmoid 
south of the cancellation site). Indeed, by the time the small pos- 
itive flux fragment has cancelled nearly completely, this thread 
has formed a new connection with a prominent thread in the sig- 
moid (see the XRT image at 03:58 UT in Fig. \5\ and also the 
image 20 minutes later in Fig. [8]). 

Since the cancelling small positive flux patch is far smaller 
than the negative flux patch at the northern end of the linear fea- 
ture, only part of the flux in the linear feature merges with the 
sigmoid in this phase. The other, probably larger part must re- 
main rooted in the westward moving and dispersing major posi- 
tive flux patch, which is also clear from the continued presence 
of threads in the linear feature that end in this area. However, 
the temporal association with the onset of the CME at about 
04:20 UT makes it quite likely that the partial transformation 
of the arcade-like flux in the linear feature into helical flux in 
the sigmoid represented the final step toward the destabilization 
of the configuration. The cancellation of the positive flux patch 
continues through and beyond the eruption (see Figs. [2] and [5]) . 

The flux added to the sigmoid by the transformed part of the 
linear feature must run under the magnetic axis of the forming 
flux rope at the position of the cancellation (y « -95") and above 
the axis where the linear feature crosses the PIL in the normal 
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Fig. 6. Hinode/ElS observations of AR 10977 showing the tem- 
perature structure of the sigmoid and linear feature. The EIS scan 
is built from west to east and was taken between 7 December 
03:27 UT and 04:19 UT with the 1" slit in step sizes of 3". 



direction, which is near the position of the sigmoid's inverse PIL 
crossing (y « -15"). Being wound about the forming flux rope's 
axis, at least this part of the linear feature must follow the motion 
of the axis in the subsequent eruption. 

The temperature structure of the region is studied using 
the Extr eme ultra-violet Im aging Spectrometer (EIS) onboard 
Hinode (Culha ne~et al.ll2007h . Figure [6] shows simultaneous im- 
ages in three lines with different formation temperature built 
from an EIS raster scan immediately before the onset of the 
CME. The sigmoid is seen at temperatures log(r[K]) = 6.1 to 
6.4, but the linear feature is only seen in the hotter lines imag- 
ing plasma at log(r[K]) = 6.3 to 6.4. The EIS data do include 
flare lines which image at higher temperatures, but the emission 
is weak at these wavelengths and does not allow the study of the 
linear feature versus the sigmoid. The high plasma temperature 
supports the view that part of the linear feature joins the sigmoid 
through the reconnection that enables the cancellati on of the pos- 
itive flux at its southern end. A sigmoid study by iTripathi et al J 
( 2009) showed that plasma near the axis of the inferred flux rope 
was cooler than the double- J shaped sigmoid at its edge. This 
suggests that the linear feature in the present event does not fol- 
low a passive bundle of flux near the magnetic axis of the flux 
rope at this stage of the evolution. 

Broadenings of the Fe XV line, which show both the sig- 
moid and the linear feature clearly, support this view. Figure [7] 
presents maps of Fe XV radiance and the non-thermal com- 
ponent of the line width (FWHM) from the three available 
EIS raster scans prior to the eruption which included this line. 
The non-thermal velocities are calculated using the IDL Solar 
Software routine eis_width2velocity which re moves instru- 
mental width, taken to be 0.057 A for the 1" slit Brown et al. 
(2008), and thermal Doppler width. The broadenings trace out 
the diagonal part of the S shaped sigmoid and the linear feature 
(the whole feature in the first two maps and mainly its south- 
ern end in the third map). The implied micro turbulence indi- 
cates strongly that both structures are sites of ongoing energy 
release. For the S shaped sigmoid, this supports the now gener- 
ally held view tha t such structures form by current dissipation in 
separatrices (e.g jTitov & Demoulinll 19991) . For the linear struc- 
ture, the line width enhancements indicate that this flux interacts 
with surrounding flux or experiences internal changes. Both are 
likely, due to the westward motion and due to the dispersal and 
partial cancellation of the positive flux at the feature's south- 
ern end. Accordingly, the line is broadest in this location in the 
two maps on 7 December, particularly in the map at 03:27 UT. 
Enhanced widths correlate largely, but not fully, with enhanced 
radiance of this relatively "hot" line. The third map shows the 
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Fig. 7. Hinode/ElS observations of AR 10977 in the Fe XV 
284 A line formed at temperature 2 MK. The three EIS scans 
were taken with the same observation parameters; their start 
times are given. The left panels display Fe XV radiance and the 
right panels display the non-thermal component of the line width 
in the sub-area indicated. 



largest widths in an area of weak emission, and the bright ar- 
cade south of the sigmoid (outside the line width maps) has line 
widths close to the background level within the field of view 
of the maps. Considering that the EIS scan takes 52 minutes to 
build the image of the active region, the location of the cancella- 
tion site at y « -95" will have moved from x « 75" (as seen in 
the MDI image at 03 : 1 2 UT) to x ~ 8 1 " as seen in the EIS image 
which reaches the location of cancellation at 03:47 UT. The can- 
cellation site shows line width enhancements similar to the main 
part of the linear feature and the continuous S shaped sigmoid 
thread, but it does not stand out as a particular enhancement. 
This may have several origins: most of this cancellation event 
proceeds between the two EIS scans; it involves only relatively 
a small amount of flux; the associated reconnection occurs low 
in the atmosphere so that the coronal responses remain weak. 
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Fig. 8. Hinode/XKY C Poly filter observations showing the failed 
eruption (top row) and the successful eruption (second and third 
rows), including the post-eruption configuration (final two pan- 
els). Green arrows in panels 3 and 4 indicate the motion of the 
southern footpoint of the linear feature. Black arrows in panels 5 
to 7 indicate the eruption of the linear feature. Panels 6 and 7 
have been log displayed to bring out this faint feature. 



4. Eruption 

The eruption of the flux rope can be seen to occur in two steps; a 
failed eruption followed 3.5 hours later by a successful eruption 
which produces the white light CME. 

The failed eruption occurs while the linear feature begins to 
transform into the sigmoid and may facilitate the reconnection 
between the two flux systems. It commences around 7 December 
00:45 UT and is seen as the rise of a bundle of field lines at the 
sigmoid centre (Fig. [S panel 2 at 00:48 UT). After the failed 
eruption the active region's overall structure remains the same, 
but the northern sigmoid elbow (where the top of the S curves 
around) has developed and has increased soft X-ray emission 
(Fig.©. The XRT images during 03:57-04: 19 UT in Fig.[8]show 
two superimposed sigmoids; one which has the large northern 
elbow and a second, brighter S shaped emission trace, which 
branches off at latitude « -40". 

The successful (ejective) eruption begins in the decay phase 
of the failed eruption, at approximately 04:20 UT on 7 December 
2007 (Fig. 0). It is accompanied by a B1.4-class GOES flare 
and an EUV wave (iMa et al] 120091) . The CME, observed by 
SOHO/LASCO, displayed a flux rope structure and propagated 
westward with a projected velocity of « 300 km s" 1 . The true ve- 
locity may have been much higher, since the ejection originated 
near sun centre. 
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Fig. 9. Light curves of the soft X-ray emission from the whole 
active region (crosses, top plot) and the northern elbow only 
(asterisks, bottom plot). The failed eruption beginning around 
7 December 00:45 UT (blue solid line) produces a temporary 
enhancement in active region emission and is followed by an 
enhancement in the northern arm of the sigmoid. The main 
eruption (red dash-dot line) is accompanied by enhanced emis- 
sion in the centre of the active region beginning at 7 December 
04:20 UT and reduced emission in the northern elbow. 



In the lower corona, the eruption is evidenced by the motion 
of the linear feature as seen in soft X-rays. This feature, although 
it is now increasingly curved, can be identified by the isolated 
negative flux patch at its northern end and moves to the west 
as does the associated CME (see black arrows in panels 5-7 of 
Fig. [8]). Thus, as argued in Sect.[3l the feature now moves with 
the rising flux rope's axis. This is essenti ally in line with the 
earl ier interpretation of bar-like features in iMoore et"aD (l200ll) 
and lMcKenzie & Canfieldl (I2008I) . 

Comparing the properties of the linear feature with the cur- 
rent layer in arcade field overlying an erupting flux rope in the 
simulation by lAulanier et alJ (I2010I) . we find differences as well 
as common aspects. The observed linear feature was present al- 
ready before the eruption, while the current layer in the simula- 
tion formed as a result of the eruption. It rotated in the counter- 
clockwise direction, opposite to the rotation in the simulation for 
the same chirality of the active region field. Similar to the simu- 
lation, the observed linear feature represents a narrow volume of 
enhanced currents, as indicated by its high temperature and en- 
hanced Fe XV line width. However, we find it to be associated 
with the overlying arcade-like field only in the phase prior to the 
eruption, while it must be a part of the flux rope in the course 
of the eruption. Some of these differences are a consequence of 
the different formation timescales of the flux rope. In the simu- 
lation, the flux rope is fully developed prior to the eruption and 
the currents within it decrease while it expands in the eruption. 
In the event studied here, the overlying flux that threads the lin- 
ear feature joins the flux of the growing rope only immediately 
prior to and in the course of the eruption. Thus the linear feature 
can be related to enhanced currents in overlying field prior to the 
eruption and to enhanced currents in the flux rope in the course 
of the eruption. 

Under the erupting structure the first, highly sheared post- 
eruption (flare) loops appear. All of these run very closely along 
the northern section of the sigmoid, passing over the location 
of the inverse PIL crossing where the major flux rope formation 
episode has taken place. They branch off from the central S trace 
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Fig. 10. Hinode/XKT C Poly filter observations showing the ref- 
ormation of the sigmoid after the successful eruption which pro- 
duced a CME. 



of the sigmoid in the range y « -100" to -80". In contrast, the 
loops of the flare arcade formed in the gradual phase of the event 
cross the PIL at nearly right angles (see panels 6 to 8 in Fig. [8]). 

These data indicate clearly that flare reconnection completed 
the transformation of the flux in the linear structure into the 
erupting flux (which is to be expected because the linear fea- 
ture passed over the centre of the erupting structure immedi- 
ately before the event). As a result of such reconnection, flare 
loops must end in the positive flux concentration where the lin- 
ear feature was rooted before the eruption. Exactly this is the 
case, starting with the first flare loops at 04:30-32 UT early in 
the impulsive phase (Fig. [8]). Explosive chromospheric evapo- 
ration, a further sign of reconnection, commences in this area at 
(x,y) ~ (70", -85") bet ween 04:30 and 04:3 5 UT, i.e., also early 
in the impulsive phase (IChen & D ing 20 10|). 

A complementary view is obtained by asking where the 
flux in the erupting rope was rooted. The flare brightenings are 
largely associated with the smaller and brighter of the two sig- 
moids, whose northern elbow encloses the strong patch of nega- 
tive flux at y « -40" to -50", where the linear feature is rooted 
at its northern end. Figures [2 and \5\ show that this is a largely 
isolated flux concentration. The flux of the erupting rope must 
largely be rooted in this patch. Hence, the erupting, and now 
curved, linear feature has become part of the erupting flux rope. 

It appears that a trace of the sigmoid remains visible even un- 
der the arcade. However, since the region is near Sun centre, this 
feature could also result from enhanced brightness at the top of 
the flare loops, which occurs in some events. The X-ray images 
immediately after the eruption do not show any clear indications 
of a surviving sigmoid. Rather, the sigmoid was replaced by two 
sets of loops, the usual nearly potential arcade in the southern 
half and a set of highly sheared loops in the northern half (Figs. [8] 
and [10]). The presence of substantial shear immediately after the 
eruption could indicate that part of the axial flux in the rope sur- 
vived in the northern section, but it could also result from the 
high shear of the reclosing field which is indicated by the shape 
of the first flare loops. The data do not appear to provide a clue 
which of the two options applies here. 

The dimmings following the eruption are not well defined 
and do not allow a reliable determination of their flux content. 



5. Sigmoid reformation 

One of the dominant loops in the northern area of the destroyed 
sigmoid begins to develop a half S (or J) shape very soon af- 
ter the flare arcade has faded; see the image at 11:25 UT in 
Fig. \TU\ The following hour leading up to the XRT data gap be- 
tween 12:28-16:02 UT sees a gradual approach of the southern 
end of this structure with the J shaped nearest loop in the south- 
ern part of the post-event arcade. The images after the data gap 
show that the two loops merge into a new, continuous S shaped 
sigmoid in the same location as the pre-emption sigmoid, albeit 
smaller (Fig. [TUJ panels 3 and 4). The evolution continues to be 
dynamic with the new sigmoid showing reduced brightness in 
the middle and a bright spot near this intensity dip for part of the 
time, as well as a changing intensity ratio between the northern 
and southern arms and changing sharpness, with a multi-thread 
appearance at times. 

The reformation of the sigmoid and its subsequent dynamics 
are driven by the changes in the photospheric flux distribution. 
In particular, the merging into a new continuous S shaped sig- 
moid is cospatial with the ongoing flux cancellation episode in 
the range y « -65" to -85" (see the final MDI frame in Fig.0. 
Although the amount of cancelled flux in the approximately 6 
hours of sigmoid reformation is far smaller than the flux can- 
celled in the 2.5 days prior to the eruption (Figs. [T] and [2]), a 
complete new sigmoid is formed. We will discuss this difference 
in Sect. ETA 

The new sigmoid was destroyed in a very weak eruption, 
including a CME, on 8 December after 17 UT. 



6. Discussion 

6.1. Flux rope topology 

The observations of AR 10977 strongly support the picture of the 
gradual transformation of arcade field into a flux rope as a result 
of photospheric flux cancellation over extended periods prior 
to an eruption, as suggested by van Balle gooijen & Martens! 
(1989). A major flux cancellation episode occurs in the period of 
2.5 days between the time of peak flux content after the region's 
emergence and a CME/flare event. It comprises many cancella- 
tion events of flux fragments at the internal PIL. This transforms 
the initially weakly sheared arcade of soft X-ray loops into a sig- 
moidal region exhibiting a key signature of a flux rope formed 
by cancellation: the inverse crossing of the PIL by the middle 
of the sigmoid, bracketed by two regular PIL crossings by the 
sigmoid elbows. 

The specific magnetic structure of a flux rope can be split 
into two categories; flux ropes having their underside rooted in 
the dense lower atmosp here having a bald patch separatric sur- 
face (BPSS) topology (ITitov & Demoulinll 19991) . and flux ropes 
which are situated in the corona having a so-called hyperbolic 
flux tube (HFT), i.e., a magnetic X-type structure, at their under- 
side (ITitov et al.ll2002b . 

If the reconnection that enables flux cancellation pro- 
ceeds in or very near the photosp heric level, as suggested by 
Ivan Ballegooijen & Martens! (Il989l) . then it is likely that the flux 
rope initially forms with BPSS topology. However, in the course 
of a cancellation episode, the topology can change into one con- 
taining an HFT (lAulanier et al.ll2QlQb . The transition begins by 
splitting the bald patch into two sections, with the HFT connect- 
ing their inner end points through the corona. The two bald patch 
sections shrink while the HFT grows in the course of the transi- 
tion. 
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BPSS and HFT flux ropes exhibit a completely different be- 
haviour in the event of an eruption. A BPSS flux rope must split 
in two along a horizontal line, with only the upper part erupt- 
ing, since its lower p art is tied to the lower solar atmosphere 
(Gib son & Fanll2006l) . Si nce sigmoids form in the lower surface 
of the ir host flux ropes (iTitov & Demoulinl 119991: iGreen et all 
120071) . a sigmoid in a BPSS flux rope forms in the bottom part of 
the BPSS and is likely to survive the eruption, at least partly. 
These sigmoids are located below the developing flare cur- 
rent sheet, hence also below the post-eruption arcade. Sigmoids 
forming in the quasi- separatrix layer in the underside of an HFT 
flux rope are located in and above the H FT. In an eruption, the 
HFT pinches into the flare current sheet (Torok et al. 20041). so 
that essentially the whole flux rope above it is ejected and the 
sigmoid ceases to exist after the eruption. 

From the destruction of the sigmoid in the eruption on 
7 December 2007 we can thus conclude that the flux rope did 
likely possess an HFT structure at this time. 



6.2. Magnetic flux budget 

The unsigned flux content of the active region at the time of the 
eruption is ~ 1.17 x 10 21 Mx. Up to this point, a total flux of 
0.71 x 10 21 Mx is cancelled at the internal PIL, equal to « 34% 
of the peak negative flux in the active region prior to the cancel- 
lation episode. If all flux lost at the internal PIL caused other flux 
of the active reg ion to transform into the flux rope in the manner 
anticipated by van Balle gooijen & Martens! (Il989l) . then « 60% 
of the active region flux is in the rope at the time of the eruption. 
The ratio would be even higher if the flux crossing the PIL south 
of the sigmoid were excluded from the unsigned flux content of 
the active region. A flux ratio of this magnitude ca n still permit 
force -free equilibrium in model fields (see Fig. 1 in lValori et al] 
l2010l for examples). However, it differs strongly from the thresh- 
old value for the occurrence of force imbalance found in recent 
numerical investigations of flux rope structure and stability in 
decaying active regions. 

By inserting a flux rope above and along the PIL in the 
extrapolated potential field of active regions that have under- 
gone significant flux cancellation, and thr ough subseq u ent nu - 
merical relaxation of the configuration. iBobra et al . (2008), 
ISu et al.1 (120091) and lSavcheva & van Ballegooiienl (12009b found 
a limit for the axial flux in a rope that can be held in sta- 
ble force-free equilibrium by the other flux of the active re- 
gion. The limit amounts to at most 10% of the unsi gned flux 
in the activ e region f o r the three regions studied in IBobra et al] 
(120081) and ISu et al.1 (120091) The li miting axial flux given in 
ISavcheva & v an Ballegooijen (2009) for a fourth, strongly de- 
cayed and sigmoidal active region combines with the amount of 
unsigned flux in the region (which we find to be 3.5 x 10 21 Mx) 
to a limiting ratio of « 14%. 

These three investigations also indicate that the poloidal flux 
in the rope is not well constrained by their method of compar- 
ing field lines in an array of relaxed flux rope configurations 
with varying axial and poloidal fluxes to observed coronal fea- 
tures. Typically, the poloidal flux could be raised from the best- 
fit value in a wide range of about an order of magnitude, whilst 
still fitting the observed structures, until the numerical relaxation 
failed. Expressing the average twist angle in the flux rope as 
© = 7rOp i/O ax i, the rope is expected to be stable against the heli- 
cal kink mode for a poloidal flux of (typic ally) up to O po i ~ 3<D a xi 
Torok etafl 12004 iFan & Gibsonl l2004l) . Indeed, IBobra et al.1 
20081) find a stable configuratio n with O po i/O ax i = 2.6 (their 



(2009) even find a stable configuration with O po i/O ax i = 4.8 
(their model for a sigmoid on 12 Feb 2007, 08:38 UT). These 
values indicate that only ~ 1 /4 of the flux in the rope may be 
axially directed, potentially reducing the discrepancy with our 
result to a large extent. However, the flux ropes that best fitted 
the observed active region structure in these investigations were 
systematically found to have considerably lowe r am ounts of 
poloid al flux, Opoi/ Oaxi 1 inlBobraet al. (2008) and lSu et all 



(120091) and ~ 1 /4 in lSavcheva & van Ballegooiienl (120091) . so that 
other explanations for the discrepancy should be considered. 

Observations of interplanetary CMEs which exhibit a flux 
rope structure indicate a dominance of the poloidal flux oyer the 
axial flux, typical l y by a factor ~ 3 (e.g., iMandrini et al] 120051; 
lAttrill et al.ll2006l: lOiu et al.ll2007h . However, much of this flux 
is added to the ro pe by reconnection after the launch of the CME 
(lOiu et al.ll2007l) . Therefore, these observations do not provide 
conclusive evidence of the partition between axial and poloidal 
flux in the rope at the onset of t he eru ption. 

We note that lSterling et al] (120101) recently also found a con- 
siderable amount of cancellation prior to an eruption in another 
active region. About 20% of the unsigned active region flux can- 
celled over two days preceding the event, and further cancel- 
lation may have occurred at earlier times not analysed in that 
study. 

In the following, we discuss two aspects of the process of 
flux rope formation by cancellation which may help reconcile 
the discrepancy between our measurements of the amount of flux 
at the onset of eruption in Sect.Oand the results of the numerical 
modelling based on the flux rope insertion method. 



6.2.1 . Cancelled flux versus rope flux 



model 7 for AR 9997/10000) and lSavcheva & van Ballegoo ijen 



Ivan Ballegooijen & Martens (1989) argued that magnetic flux 
can submerge below the photosphere only if it forms small loops 
with a radius of curvature comparable to the photospheric pres- 
sure scale height, giving an estimated maximum distance be- 
tween the loop footpoints of ~ 900 km. If the flux in the active 
region has shear, most loops in the original arcade will have a 
footpoint separation in the direction of the PIL larger than this 
value. This is definitely the case for AR 10977 from the onset 
of the cancellation episode (see Fig.[3j panel 1). When the foot- 
points of these loops are transported toward the PIL, the loops 
remain too long for submergence. Rather they reconnect with 
other loops at, or somewhat above, the photospheric PIL, creat- 
ing the short loops which can submerge and long loops rooted 
away from the cancellation site at the remote footpoints of the 
reconnecting loops. The downward tension force of the long 
loops is insufficient to drive them below the photosphere, and 
their middle part tends to be more aligned with the PIL than the 
original two loops. Therefore, cancellation leads to an accumu- 
lation of flux which runs along the active section of the PIL, 
where flows converging toward the PIL drive the cancellation 
episode and where sufficient flux exists on both sides to enable 
cancellation events. 

If axial flux already exists above the PIL (which can re- 
sult from previous cancellation) then the newly reconnected long 
loops are helical. They wrap around the bottom side of the ex- 
isting axial flux such that a flux rope gradually forms as the can- 
cellation episode continues. 

If only a single cancellation event occurs, then, by the na- 
ture of the process, the flux accumulated at the PIL equals the 
cancelled flux. However, this is no longer the case when subse- 
quent cancellation occurs which involves the product of a pre- 
vious event. In this case, no further flux is added, rather the ac- 
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Fig. 11. Schematic of a cancellation episode which 
consists of three cancellation events and transforms the 
part of the initial arcade shown in the first panel into a 
flux rope. The PIL is drawn dashed. The ratio of foot- 
point displacement of the sheared arcade loops to the 
length of the active section of the PIL (where cancel- 
lation proceeds) is 2 : 3. Correspondingly, 2/5 of the 
flux is transformed into the rope, while 3/5 cancel. 



cumulated flux will extend further along the PIL. An amount 
of flux equal to the flux in the long loop is lost from the sys- 
tem. This is illustrated by the schematic in Fig. [TTJ The effect 
can also be seen in the fi lament formation scenario proposed in 
Mar tens & Zwaanl (|2001[ their Fig. 6), but has not been explic- 
itly addressed in that paper. 

Thus, of the original loops that pass over the active section 
of the PIL, three categories must be distinguished: loops rooted 
at one end in flux that cancels, loops rooted at both ends in flux 
that cancels, and loops rooted in non-cancelling flux at sufficient 
distance to the PIL. Half of the flux in the first category will be 
transformed into the flux that accumulates at the PIL and even- 
tually forms a flux rope, while the other half cancels. The flux 
in the second category will be lost without contributing to the 
amount of flux in the rope. The third category remains in the 
active region as overlying, stabilizing flux. 

As can be seen from Fig.[TT] the ratio between the flux accu- 
mulated at the PIL and the cancelled flux depends on the shear 
of the original arcade and on the length of the active section of 
the PIL. For roughly uniform flux along the active section of the 
PIL, it is given by the ratio between the displacement of the loop 
footpoints parallel to the PIL and the length of the active sec- 
tion (with an upper limit of unity), remaining small for a weakly 
sheared arcade. 

This ratio can change considerably in the course of a cancel- 
lation episode, by changing shear as well as by changing length 
of the active PIL section. Typically, the shear increases and the 
length of the active PIL section decreases when large parts of the 
flux in an active region cancel. Thus, the process of flux trans- 
formation from arcade to flux rope due to cancellation accel- 
erates. Therefore, it seems plausible that sigmoids are typically 
observed late in a cancellation episode, closer to an eruption than 
to the onset of the cancellation, as in the event studied here, and 
that the occurrenc e of sigmoids has s uch a high correlation with 
eruptive activity ( Canfiel d et al.ll 1999b . 

Figure [2] shows that the shear increases while the flux in 
AR 10977 cancels. The change in the length of the active PIL 
section is less pronounced. The shear remains weak during 
4 December, but grows considerably on 5 December, which is 
also clearly visible in the soft X-ray images in Fig. [3j Still, the 
shear remains moderate until about mid-day on 5 December, by 
which time « 40% of the cancellation has occurred (Table [T]). 
Most of this flux and part of the subsequently cancelled flux is 
lost from the active region without contributing to the amount of 
flux in the rope. This reduces the discrepancy to the numerically 
obtained stability limit by a factor ~ 2, or somewhat higher. 

The sigmoid reformation after the CME started in a region 
of highly sheared flux, as evidenced by the northern set of post- 
eruption loops (images at 10:23-11:25 UT in Figs. [8l and fTQb. 
Therefore, a new flux rope and sigmoid could be formed through 
an amount of cancellation much less than the cancellation in the 
period prior to the eruptions on 7 December. 



6.2.2. Coherence of the flux rope 

A further cause for the discrepancy may be found in the differ- 
ing degree of coherence in the flux rope structure. The flux rope 
inserted in the three numerical studies mentioned above is of 
course fully coherent along its length and unlikely to lose much 
of this coherence in the relaxation. (Since a vacuum sheath sur- 
rounding the flux rope was also inserted, both the external in- 
coherent field and the inserted flux rope could expand in the re- 
laxation to form a current layer, where much of the structural 
differences between the flux rope and its exterior could be re- 
solved, so that these did not strongly propagate into the flux 
rope.) In order to form such a coherent flux rope by cancella- 
tion, the cancellation must proceed largely uniformly along a 
substantial fraction of the length of the resulting rope. Only then 
will concave-up field lines exist along a substantial fraction of its 
length, and only then will field lines spiral above the middle part 
of the rope (these field lines must be concave-up near one or both 
ends of the rope). The observations indicate that the cancellation 
episode evolved from an initially more uniform distribution of 
cancellation events along the active section of the PIL to a more 
localised pattern (compare panels 1-3 in Fig. [2] with panels 4- 
5). At the same time, the length of the sigmoid increased. The 
cancellation was by far strongest in the middle of the forming 
sigmoid where the inverse PIL crossing occurred. At this posi- 
tion the number of helical field lines running under the axis of 
the forming flux rope is much larger than the number of helical 
field lines passing over the axis. 

As discussed in Sect. [3 the linear bar-like feature is sugges- 
tive to be of arcade structure prior to the eruption, simply passing 
over the gradually forming flux rope without already being a part 
of it. It passes over the sigmoid's inverse PIL crossing, where 
most rope field lines are upward concave. By partly joining the 
sigmoid, the linear feature adds downward concave flux in this 
location, leading to a more complete and more coherent flux rope 
structure. The temporal association of this process with the onset 
of the successful eruption is likely no coincidence. Also, the co- 
herence of the flux rope is likely completed only in the process 
of the eruption. 



7. Summary and conclusions 

We present observations of NOAA active region 10977 which 
was observed from emergence through to the decay phase, dur- 
ing which a coronal mass ejection occurred. The evolution of the 
magnetic field in the decay phase was dominated by fragmenta- 
tion of the photospheric field, the development of supergranular 
flows, and cancellation of photospheric flux fragments at the de- 
veloping supergranular boundaries. The observations support the 
interpretation that a major flux cancellation episode was respon- 
sible for the formation of a flux rope in the active region during 
the ~ 2.5 days preceding the CME. A soft X-ray sigmoid, cross- 
ing the PIL in the inverse direction, suggests that a flux rope has 
formed prior to the eruption. The sigmoid was destroyed by the 
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eruption, indicating that the flux rope had developed a hyper- 
bolic flux tube (HFT) at its underside. Continued cancellation 
through and after the eruption led to the quick reformation of 
the sigmoid, which later erupted again. 

The unsigned flux in the active region at the time of the erup- 
tion is about 1.17 x 10 21 Mx. During the 2.5 day period before 
the eruption about 0.71 x 10 21 Mx cancels at the internal PIL of 
the active region, equal to « 34% of the peak negative flux in 
the active region prior to the cancellation episode. If the recon- 
nection which enables the flux cancellation transformed an equal 
amount of arcade flux into the flux of the forming rope according 
to the mechanism put forward by Ivan Ballegooijen & Martens! 
(1989), then the rope would contain about 60% of the active re- 
gion flux. This is much larger, by a factor « 4-6, than the lim- 
iting axial flux value which would maintain force balance in a 
decaying active region, as found in recent numerical modelling 
dBobra et al.ll2008l: ISu et al .1120091: [Savcheva & van Ballegooiienl 
120091: 1 Aulanier et al.ll2010l:lAmari et alJl2010h - 

We point out that the amount of flux transformed from the 
initial arcade into the flux rope can differ considerably from the 
amount of cancelled flux. If the initial arcade is only weakly 
sheared, then the amount of arcade flux rooted beyond the ends 
of the active section of the PIL is far smaller than the amount 
of flux at both sides of the active section. The former is the flux 
available for transformation into the flux rope. The latter can 
cancel without contributing to the flux in the rope. Their ratio is 
(very roughly) given by the ratio between the displacement of the 
arcade loop footpoints parallel to the PIL and the length of the 
active section of the PIL, limited to unity. Thus, for an initially 
only weakly sheared arcade, the amount of flux cancelled can be 
much larger than the amount of flux transformed into the flux 
rope. 

If the cancellation occurs predominantly along a section of 
the PIL which is small in relation to the extent of the forming 
flux rope, as in the late phase of the studied event, then most 
of the helical, concave-up field lines have their bottom section 
in this localized area. Helical field lines passing over this area 
are strongly underrepresented, so that the resulting flux rope is 
incoherent to a considerable degree. This is likely to contribute 
to the discrepancy with the numerically obtained stability limit. 
Also, it suggests that flux ropes built by flux cancellation often 
reach coherence only in the course of an eruption. 

The sigmoid forming in AR 10977 includes a linear, bar- 
like feature, which is hotter than the S shaped threads prior to 
the eruption. In this phase, the feature must be interpreted as 
a bundle of arcade field lines passing over the developing flux 
rope. The data yield evidence that this flux becomes part of the 
flux rope immediately before and in the early stages of the erup- 
tion, through the cancellation at its southern end and the further 
reconnection which establishes the coherence of the flux rope. 
Subsequently it traces the path of the erupting flu x rope body, 
as suggested for similar features i n earlier events dMoore et al.l 
l200ll:lMcKenzie & Canfieldll2008l) . 
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